TAS2R38 gene variants, which confer sensitivity to specific bitter tastants (e.g., 6-n-propylthiouracil), have been repeatedly associated with lower alcohol use via greater bitterness perception, but research exploring TAS2R38 variation in relation to smoking shows mixed results. In both, the working hypothesis is that 1 or more copies of the functional allele increases bitterness and may provide a barrier to early use. Such a barrier to initiation may, conceivably, manifest as differential rates of current use across diplotypes. Here, an age-diverse convenience sample (n = 886) of Denver Museum of Nature and Science guests was used to explore cross-sectional relationships between TAS2R38 diplotype, self-reported tobacco use (current, former, never smokers), and a rapid measure of 6-n-propylthiouracil phenotype (bitterness of filter paper discs). TAS2R38 diplotypes were determined by Sanger sequencing. After excluding rare diplotypes, data from 814 participants were analyzed. A mix of current (~10%), former (25%), and never smokers (65%) were included. As expected, there was a relationship between TAS2R38 diplotype and 6-n-propylthiouracil bitterness. However, contrary to our hypothesis, there was no evidence of a relationship between diplotype and smoker status among participants with common TAS2R38 diplotypes. Notably, we observed a relationship between of 6-n-propylthiouracil bitterness and smoking status, but the effect was opposite of what was expected: current smokers perceived higher (not lower) bitterness than never smokers. When all the various factors (diplotype, age, sex, and smoking status) were included in ANOVA, all remained predictive of 6-n-propylthiouracil bitterness. Reasons for greater phenotypic bitterness among current smokers are unknown and merit further study.
Introduction
Smoking is a major public health concern and the leading cause of preventable death (Department of Health and Human Services 2014) . Each day, thousands of young people take up smoking (Department of Health and Human Services 2014), despite decades of public health efforts intended to prevent initiation. Identifying novel risk factors for smoking initiation and downstream nicotine dependence may help break this cycle. Some evidence suggests that genetic variability in taste perception may be such a risk factor.
Bitterness is widely claimed to be an evolutionarily important indicator of toxicity (Drewnowski and Gomez-Carneros 2000; Behrens and Meyerhof 2016) , although more precisely, it probably serves instead as a marker of pharmacological activity (see Fischer and Griffin 1964; Garcia and Hankins 1975) . That is, not all bitter stimuli are toxic (Glendinning 1994) , and recent analysis suggests only a little over half (60%) of the ligands in the BitterDB database are toxic (Nissim et al. 2017) . The stimuli humans describe as bitter are detected when one or more TAS2R receptors are activated Chandrashekar et al. 2000; Behrens et al. 2007) . Humans have 25 different TAS2R genes that code for these receptors, and approximately 5 of these contain polymorphisms that associate with differences in perceived bitterness (Kim et al. 2003; Duffy et al. 2004; Soranzo et al. 2005; Hayes et al. 2015) . The most studied is TAS2R38. It contains 3 single nucleotide polymorphisms (SNPs), which result in 2 common haplotypes that are named for their amino acid substitutions: PAV (proline, alanine, and valine) and AVI (alanine, valine, and isoleucine) (Kim et al. 2003; Kim et al. 2005) . TAS2R38 diplotype influences the ability to taste a family of bitter compounds including phenylthiocarbamide (PTC) and 6-n-propylthiouracil (PROP). PAV homozygotes and heterozygotes perceive greater bitterness than AVI homozygotes that perceive little or no bitterness (Kim et al. 2003; Duffy et al. 2004; Hayes et al. 2008; Garneau et al. 2014; Boxer and Garneau 2015; Hayes et al. 2015) .
Numerous bitter compounds are found in tobacco products (Hummel et al. 1992) , and it is thought that individuals with greater sensitivity and aversion to bitter taste may be less likely to smoke (Enoch et al. 2001) . Several studies have investigated the influence of TAS2R38 variants on smoking habits, although results are mixed. For example, Mangold et al. (2008) reported an association between the AVI haplotype and smoking quantity; however, this effect was restricted to African-American individuals, as it was not observed in European Americans. Conversely, Cannon et al. (2005) found no evidence of an association between common TAS2R38 haplotypes and smoking; however, the rare AAV haplotype (which confers greater functionality than AVI but less that PAV; see Boxer and Garneau 2015) was associated with reduced smoking prevalence. More recently, a large study of genetic variation and tobacco use by Risso et al. (2016) reported that the nontaster haplotype (i.e., the AVI homozygotes) was more frequent among European-American smokers, whereas no difference in haplotype frequency was observed in African Americans, suggesting that TAS2R38 haplotype associations with smoking status may differ with ancestry. Separately, Oncken et al. (2015) reported an association between the PAV haplotype and menthol cigarette smoking in a convenience sample of Hispanic and non-Hispanic women who were pregnant; whether this finding generalizes to other groups remains unknown. Unfortunately, such conflicting reports have become quite common for numerous gene association studies over the past 15 years.
Many initially promising findings associating disease states or intermediate phenotypes with specific gene variants have failed to replicate (Cavalleri et al. 2005; Hart et al. 2013) . One partial solution to this crisis is to leverage large existing data sets to help ensure that any failure to replicate is not merely a matter of power (see Gorroochurn et al. 2007 ); this replication crisis also highlights a need to revisit findings in new populations to document the robustness and increase the generalizability of the findings. Toward this goal, we used an approach known as crowdsourcing. Broadly speaking, crowdsourcing simply refers to the outsourcing of tasks to a large group of people. Within the scientific enterprise, this approach can take on 2 distinct aspects: 1) data contributed by community members (as has been done for decades in ornithology and ecology), as well as 2) community/citizen science, which directly engages nonprofessional researchers in data collection, processing and analysis. This engagement is believed to foster trust for science and scientists and increase public support of scientific research (Garneau et al. 2017) . Critically, this approach may also provide access to populations that are otherwise not typically engaged in research studies, toward a goal of increased generalizability beyond traditional convenience samples such as those obtained on college campuses (see Anonymous 2010) . Notably, crowdsourced data collection often occurs online (e.g., Primrose et al. 2016; Kraemer et al. 2017 ) but crowdsourcing should not be considered synonymous with online data collection, as it can also occur in person (e.g., Garneau et al. 2014; Garneau et al. 2017) . Here, we use existing data from the later (i.e., a large community-based cohort with in-person data collection) to revisit the question of whether TAS2R38 haplotype associates with smoking.
In this study, we used both aspects of scientific crowdsourcing mentioned previously (i.e., community-contributed data and community/citizen scientists) to explore whether smoking was associated with TAS2R38 genotype and PROP phenotype using rapid screening measures. To do so, we tested 3 specific questions. First, as a confirmatory step, we asked whether PROP bitterness varied by TAS2R38 diplotype, after controlling for both sex and age. Second, we tested whether smoking status, assessed using a brief self-report measure, varied by TAS2R38 diplotype. Third, we tested whether PROP bitterness varied by smoking status, after controlling for sex.
Materials and methods

Participants
Participants were guests of the Denver Museum of Nature and Science (DMNS) that elected to participate as research subjects in the Bitter Taste Study hosted by the Genetics of Taste Lab between 2009 and 2013. A subset of this database consisted of 886 healthy participants with complete data for age, sex, PROP intensity score, TAS2R38 diplotype, and self-reported smoking status (current, former, or never). Of this group, 72 participants were found to have rare haplotypes for the TAS2R38 gene and were excluded from further analysis. The final analysis was completed on 814 participants (313 men and 501 women, aged 18-86). All procedures were approved by the Western Institutional Review Board (Study No. 1109386, Protocol No. 2009 1028 and the study complied with the Declaration of Helsinki for medical research involving human subjects. Participants volunteered their time and gave written consent.
Community/citizen scientists
Nonprofessional research volunteers (e.g., community scientists) were trained to collect and process the DNA samples (details below) and to collect phenotypic data from the study participants. Before doing so, they completed an intensive 12-week certification program that included trainings on internal quality control for data collection, the online ethics course "Protecting Human Research Participants" from the Office of Extramural Research at the National Institutes of Health, and visitor experience instructional sessions for educational facilitation. Community scientists who successfully completed the program received final certification and approval to enroll visitors over the age of 18 in this study. Certified community scientists were also trained on data processing and analysis protocols, including extraction and purification of DNA, and preparation and analysis of the gene sequencing reactions. All procedures were supervised by the museum's professional scientific staff. For clarity, we note citizen scientist is the standard phrasing used by the National Institutes of Health and other federal agencies (e.g., www.citizenscience.gov); for precision, we use the term community scientist for the remainder of this document, as an individual's ability to engage in participatory research is not related to immigration status.
TAS2R38 SNP analysis
DNA was extracted from Epicentre buccal swabs using the Maxwell 16 Buccal Swab LEV DNA Purification Kit and the Promega Maxwell. TAS2R38 was amplified using PCR primers (forward ACCAATGCCTTCGTTTTCTTGGTGA, reverse TCACAGCTCTCCTCAACTTGGCA; Invitrogen) and sequenced using the forward primer (High Throughput Genomics Center; www.htseq.org).
TAS2R38 (HGNC:9584) sequences were analyzed using the software Geneious to determine the first two SNPs of the gene at nucleotide positions 145 and 785 (rs713598 and rs1726866; NCBI Accession AY258598). A 3-step process for genetic analysis was used to ensure accurate recording of TAS2R38 diplotypes. First, professional staff imported all sequences into Geneious and aligned them to the reference sequence (AY258598). Second, professional staff used the program to locate and highlight both homozygous and heterozygous variations in the aligned sequences. Third, after sequence preparation, pairs of community members who had been trained in chromatographic analysis (i.e., community scientists) recorded the diplotype for each sample and ensured the chromatograph matched the computer program reading. Any samples that showed either a discrepancy between the chromatograph and the computer assignment or a potential rare diplotype were flagged for retesting. Flagged samples were resequenced in both the forward and reverse directions to include the third SNP of this gene at nucleotide 886 (rs10246939); common and rare diplotypes were confirmed in this way. As noted earlier, only those individuals with 1 of the 3 major diplotypes for TAS2R38 (PAV/PAV, AVI/AVI, and PAV/AVI) were included in the analysis for this report.
Bitter taste phenotype
Paper filter discs (Zhao et al. 2003; Khataan et al. 2009 ) were saturated with a solution of 0.453 M PROP and allowed to air-dry.
Participants were trained to use a general Labeled Magnitude Scale (Green et al. 1996; Bartoshuk et al. 2004) , by rating several imagined sensations (e.g., weight of a feather and sourness of a lemon). Once they understood the scale, participants were given the filter paper disc to taste and asked to rate the intensity of the bitterness they experienced. The rating on the scale was then converted to a score in millimeters for statistical analysis.
Statistical analysis
All statistical analyses were performed using SAS 9.4. Relationships between diplotype and smoker status were tested via chi-square test, Fisher's Exact test, and Mantel-Haenszel chi-square test via proc freq. Relationships between PROP bitterness, diplotype, sex, age, and smoker status were tested via ANOVA using proc glm. Following significant F-tests in ANOVA, effects were decomposed using Tukey-Kramer test.
Results
The cohort described here is diverse in terms of self-reported smoking status, TAS2R38 diplotype, PROP phenotype, gender, and age (see summary in Table 1 ). On the basis of data from the Behavioral Risk Factor Surveillance System, the proportion of current smokers in the study cohort was lower than might be expected compared with state-level data: 9.7% in the study cohort versus a crude prevalence of 17.7% for Colorado in 2012 and 2013. Regarding former smokers, the proportion in the study cohort was similar to state-level data: 25.1% of the study cohort versus a crude prevalence of 26.3%. Despite the lower numbers of current smokers compared with statelevel data over a similar time period, we nonetheless observed substantial variation in smoking status.
The Genetics of Taste Lab at the DMNS does not collect information on educational attainment or household income, so we are unable to characterize our participants in terms of socioeconomic status. Also, data on race and ethnicity are not available for this specific cohort. However, general patterns can be roughly inferred from typical demographics of individuals who have chosen to participate in subsequent experiments collected via the Genetics of Taste exhibit. Using the same recruitment approach used here, the self-identified racial and ethnic background of more recent studies is predominantly white (76.6%), with nonreporters (13.9%) and those who identify as more than one race (7.11%), and Asians (4.8%) representing the 3 next largest groups; proportions of African Americans, American Indians/Alaskan Natives, and Native Hawaiian/Pacific Islanders are each less than 1.7%. Regarding ethnicity, 13.9% identify as Hispanic or Latino. First, we confirmed suprathreshold bitterness of PROP associated with the common TAS2R38 diplotypes across all 814 participants (313 men and 501 women). This served as a quality check of the data collected by our community scientists. In a mixed model ANOVA, main effects of gene (TAS2R38 diplotype) [F(2,808) = 214.49; P < 0.0001] and sex [F(1,808) = 16.32; P < 0.0001] were significant, whereas the sex by gene interaction was not [F(2,808) = 0.32; P = 0.73]. As shown in Figure 1 , men reported less bitterness than women. As was expected, the AVI/AVI homozygotes reported substantially lower bitterness than did PAV/AVI heterozygotes (Tukey-Kramer P < 0.0001) or PAV/PAV homozygotes (P < 0.001); the magnitude of difference between the PAV/AVI heterozygotes and PAV/PAV homozygotes was much smaller, but still significant (P = 0.012). In a Fisher's Exact test, diplotype did not vary by sex (P = 0.51).
After obtaining expected results for TAS2R38 diplotype and PROP bitterness in this data set, we explored whether self-reported smoking status (current, former, and never) varied by TAS2R38 diplotype. A priori, we hypothesized carriers of the PAV allele would be protected against prior smoking initiation (due to increased bitterness from tobacco products), and this presumed barrier to prior initiation would manifest as differences in current smoking status. On the basis of a chi-square test of independence, however, we failed to observe any evidence of a relationship (χ 2 (4 df) = 2.78; P = 0.60) between current smoking status and diplotype. We also tested for an ordered relationship via a Mantel-Haenszel chi-square test (given the ordered relationship across TAS2R38 diplotypes), and again, no evidence of a relationship was observed (Mantel-Haenszel χ 2 (1 df) = 0.08; P = 0.77). The counts of the 3 × 3 matrix (smoking status by diplotype) are shown proportionally in Figure 2 . Additional exploratory models in which former smokers were pooled with either current or never smokers were tested, and the absence of an association did not change (data not shown here).
Third, we explored whether the bitterness of PROP varied with self-reported smoking status, while accounting for the sex differences previously reported in Figure 1 . This analysis (PROP bitterness as a function of smoking status, accounting for sex) is summarized in Figure 3 . In mixed model ANOVA, sex [F(1,808) = 6.73; P =0.0096] was a significant predictor of bitterness: women reported more bitterness than men, which is consistent the gene by sex analysis reported earlier. Smoking status was a significant predictor of bitterness as well [F(2,808) = 3.52; P = 0.0301]. Unexpectedly, however, the effect was in the opposite direction of smoking initiation/ bitterness protection hypothesis. That is, the current smokers in our cohort showed higher (not lower) bitterness intensity ratings than never smokers (Tukey-Kramer P = 0.0277). As depicted in the figure, mean bitterness for the former smokers fell between current and former smokers and was not different from either extreme (Tukey-Kramer Ps > 0.2). The interaction term was also significant [F(2,808) = 3.58; P = 0.028]. Inspection of the pairwise comparisons for the interaction revealed elevated bitterness in women (but not men) who were former smokers (Tukey-Kramer P = 0.003) (data not shown).
Given that the relatively unique recruitment context for this cohort (a community-based sample of museum attendees) differs substantially from traditional laboratory-based studies on university campuses (Anonymous 2010), Internet-based crowdsourced research (Kraemer et al. 2017) , or disease-focused longitudinal studies, we explored the age distribution of participants to ensure that our unexpected results were not merely due to confounding with age. This is especially relevant here, given both the potential for changes in taste perception with aging and a major shift in public health messaging Figure 1 The bitterness of PROP delivered via filter paper discs varied as a function of TAS2R38 diplotype, in a model including sex; men also reported less bitterness than women. and health promotion efforts regarding tobacco over time. In spite of the very wide range of ages in this cohort (18-86 years), we observed a noticeable skew toward younger ages among participants. Thus, we split our sample at the median (29 years), resulting in groups of younger (n = 416) and older (n = 398) participants. Diplotype (Fisher's Exact test, P = 0.48) and sex (Fisher's Exact test, P = 0.89) did not differ by age group (younger vs. older). However, self-reported smoking status did vary by age group (Fisher's Exact test, P = 0.004). The older group had fewer current and fewer never smokers, and more former smokers than expected, whereas the younger group had more current smokers, more never smokers, and fewer former smokers than expected. Accordingly, we repeated the analyses shown in Figures 1 and 3 , while including age group (young vs. old, based on median split) in the analyses.
In a 3-way (diplotype by sex by age group) ANOVA model, PROP bitterness was associated with TAS2R38 diplotype [F(2,802) = 216.74; P < 0.0001] and sex [F(1,802) = 17.52; P < 0.0001], as mentioned earlier, even when age was included in the model. Age was also significant [F(1,802) = 18.33; P < 0.0001], with older individuals reporting less bitterness (Tukey-Kramer P < 0.0001). Evidence of an age group by diplotype interaction was weak [F(2,802) = 2.72; P = 0.067]. In pairwise comparisons between the younger and older groups, the AVI/AVI homozygotes did not differ (P = 0.74) across age (both low); the PAV/PAV homozygotes did not differ (P = 0.57) across age (both Figure 2 Chi square test for association or an ordered relationship failed to show any evidence that current smoking status (assessed via self-report) was associated with TAS3R38 diplotype.
Figure 3
Contrary to our hypothesis that greater bitterness would serve as barrier to the initiation of smoking and thus influence current smoking rates, PROP bitterness was significantly higher in current smokers than in never smokers, not lower. high); however differences were observed in the PAV/AVI heterozygotes (P < 0.001), with the younger heterozygotes reporting more bitterness than older heterozygotes. None of the other interactions showed any evidence of an association.
In a 3-way (smoking status × sex by age group) ANOVA model, sex [F(1,802) = 6.29; P = 0.0123] and age group [F(1,802) = 6.75; P = 0.0095] each explained variability in PROP bitterness, as expected. Critically, smoking status continued to be associated with bitterness [F(2,802) = 3.73; P = 0.024], even after controlling for age and sex effects. All effects were the same as those mentioned earlier: i.e., more bitterness for current smokers, women, and the younger group. Weak evidence of a smoking status by sex interaction [F(2,802) = 2.72; P = 0.067] was observed. In pairwise comparisons across men and women, bitterness was lower in never smokers regardless of sex (P = 0.98) and higher in current smokers regardless of sex (P = 0.99). However, differences of sex were observed in the former smokers, as women reported more bitterness than men (P = 0.003). None of the other interactions showed any evidence of an association.
Finally, given these complicated relationships, we took advantage of the large sample size afforded by crowdsourcing to test an omnibus 4-way ANOVA model predicting PROP bitterness while simultaneously accounting for age group, smoking status, TAS2R38 diplotype, and sex. As described previously, age group [F(1,802) = 4.72; P = 0.030], sex [F(1,802) = 16.17; P < 0.0001], and diplotype [F(2,802) = 135.94; P < 0.0001] all accounted for some variability in PROP bitterness. Critically, smoking status was also associated with bitterness [F(2,802) = 7.11; P = 0.0009], even when age, sex, and diplotype were all retained in the model. All effects were the same as those mentioned earlier: i.e., more bitterness in current smokers, PAV carriers, women, and the younger group. Also, we observed evidence of an age group by diplotype interaction [F(2,802) = 4.51; P = 0.0113]. In pairwise comparisons of PROP bitterness between the younger and older groups, the AVI/AVI homozygotes did not differ (P = 0.38) across age (both lower); the PAV/PAV homozygotes did not differ (P = 0.90) across age (both higher); however differences were observed in the PAV/AVI heterozygotes (P = 0.0034), with the younger heterozygotes reporting more bitterness than older heterozygotes. There was also evidence of 3-way interaction of diplotype by age group by self-reported smoking status [F(4,802) = 5.99; P < 0.0001], but we did not interpret this interaction due to the low numbers of observations (>10) in some of the cells.
Collectively, these data suggest that smoking status and TAS2R38 diplotype each influence the bitterness of the widely used taste probe PROP, even when controlling for age and sex.
Discussion
Via the Genetics of Taste Lab at the DMNS, we used a crowdsourced approach to test assess relationships between self-reported smoking status, TAS2R38 diplotype, and PROP phenotype. Assuming that increased bitterness would be a protective factor against smoking initiation, we had predicted a priori that PROP phenotype and TAS2R38 genotype would each be related to smoking status-specifically, lower bitterness ratings would be seen in current smokers, and fewer PAV/PAV homozygotes would be found among current smokers. Although the present analyses did recapitulate the wellknown association between TAS2R38 diplotype and the perceived bitterness of PROP, we failed to find any evidence of a relationship between self-reported smoking behavior and TAS2R38 diplotypes.
Further, we did find an association between PROP bitterness and self-reported smoking status, but the effect was in the opposite direction of what we had hypothesized. Although somewhat surprising given our initial hypothesis, these suprathreshold data align with at least one prior report showing a significant association between current smoking status and increased bitterness perception for quinine (Fischer et al. 2013) . Potential reasons for this finding might conceivably include heightened intensity of bitterness due to damage to the epithelium, and/or differential expression of the bitter receptor in current smokers. However, this later explanation is tempered by other data suggesting TAS2R expression is lower among smokers than nonsmokers (Aoki et al. 2014) . Nonetheless, the inclusion of both phenotypic and genotypic data (PROP bitterness and TAS2R38 diplotype, respectively) is a strength of this study. That the phenotypic and genotypic results are discordant here change to regarding smoking is another reminder that the taste phenotypes may capture additional variation not explained by genotype (see Hayes et al. 2008) . Given that 2 separate large-scale studies suggest that the perceived intensity of quinine (Fischer et al. 2013) and PROP (present data) change to are elevated in smokers, additional investigation is needed.
As this was a community-based crowdsourced study, we did not extensively characterize our participants in terms of their smoker status or history, relying instead on a brief self-report measure. This contrasts with prior studies that classify and categorize smokers based on number of cigarettes smoked and/or number of years of smoking, or even number of cigarettes smoked per day (Cannon et al. 2005; Mangold et al. 2008; Oncken et al. 2015; Risso et al. 2016 ). As we did not ask participants for the number of cigarettes they typically smoked, we cannot make more nuanced explorations of light smokers versus heavy smokers, which would be of interest, given the increased bitterness reported for PROP by our smokers. Previously, associations between heavy smoking and taste impairment (Vennemann et al. 2008) , and heavy smoking and fungiform papillae morphology (Konstantinidis et al. 2010 ) have been reported. How these might relate to the increased phenotypic bitterness seen here is unclear.
As our age-diverse cohort presumably varied in the number of years smoked, it may not make sense to place them all in one homogenous group. Conceivably, an individual who smoked infrequently for less than 1 year may have an elevated bitter phenotype or more functional genotype, whereas someone who smoked for years and quit relatively recently may have a less responsive bitter phenotype or less functional genotype. However, although we cannot rule out this type of potential misclassification, it cannot explain the elevated suprathreshold PROP bitterness seen here for smokers. As noted earlier, our data agree with quinine intensity data from ~2400 age-diverse adults (mean age 49 years) in the Beaver Dam Offspring Study (Fischer et al. 2013) . Conversely, in a mail-based study of 237 college-aged adults (mean age 21 years), Risso et al. (2016) dichotomized individuals as tasters and nontasters of PTCimpregnated paper strips and found a small but significant difference in the proportion between smokers and nonsmokers: nontasters made up 28.5% of the smokers, but only 17.5% of the nonsmokers. This discrepancy may reflect a long-noted disconnect between threshold and suprathreshold phenotyping methods (see Webb et al. 2015 and Duffy et al. 2017 for more discussion).
Further, individuals have myriad reasons and motivations for quitting smoking. Although some may stop smoking because they do not like the taste of cigarettes, others may be motivated by health, expense of smoking, concerns about exposing others to secondhand smoke, or setting a good example for others (Curry et al. 1997; Hymowitz et al. 1997 ). In addition, of those who reported themselves as former smokers, some had quit more recently than others.
Recent data suggest smoking cessation leads to a quick recovery of taste sensitivity among smokers (Chéruel et al. 2017) ; therefore, it may be better to group former smokers either with the current or never groups, depending on the reason for quitting and the time since smoking cessation. Collectively, this suggests additional work is needed to explore how duration of exposure (i.e., cumulative dose) or quit duration may interact to influence taste phenotype.
Distinct from the smoking question, present data also contribute to the broader literature on perception of bitterness. Here, we observed significant differences in bitterness between younger and older PAV/AVI heterozygotes. That is, younger heterozygotes reported more bitterness compared with older heterozygotes. These findings may be a result of changes in taste perception with aging, as age effects for PROP bitterness have been reported previously. That is, among PAV/AVI heterozygotes, Mennella et al. (2010) observed significant differences in bitter taste detection among children, adolescents, and adults; both children and adolescents perceived bitterness at lower PROP concentrations compared with adults. Present data suggest these differences may extend to later in life.
Some additional limitations beyond those already mentioned need to be considered. First, PROP is only one bitter stimulus of many, and it may not generalize well to other bitter substances that also show genetic variation (e.g., Hayes et al. 2011; Allen et al. 2013) or to overall taste function (e.g., Webb et al. 2015) . Also, we should note that cannabis use has been decriminalized in Colorado; thus, it is possible participants who reported being never smokers may still smoke nontobacco products. Because they are still inhaling combustion products (regardless of temperature), damage could still result in the oral cavity. Certain oral side effects, such as xerostomia (dryness in the mouth), leukoedema (lesion of the oral mucosa), and Candida albicans (a fungus that may cause infection in humans) all may occur with cannabis use (Darling and Arendorf 1993; Versteeg et al. 2008) . How this potentially influences or confounds our data is unclear, as we do not have estimates of concurrent versus independent usage rates for tobacco and cannabis. In addition, compared both with other recent work on TAS2R38 and smoking (Risso et al. 2016) , and national norms for tobacco use (~15%, down from 43% in 1965), we had a lower base rate of smokers. This may have interfered with our ability to observe an effect.
It is also important to note motivation for smoking differs across individuals and environmental influences may override any potentially protective effects of taste genetics. For example, Muttarak et al. (2013) reported over 60% of individuals who had ever smoked started smoking because of the influence of their friends. Likewise, O'Loughlin et al. (2009) found that individuals whose siblings or friends smoked were more likely to initiate smoking. That is, for individuals in a peer group where peers are strongly supportive of smoking, protective taste phenotype (i.e., more bitterness) may be less relevant or even irrelevant, if social norms cause the individual to overcome any barrier to use offered by a genetic predisposition for more bitterness. This type of gene by peer interaction was recently shown for alcohol use. Reduced aldehyde dehydrogenase activity (due to the ALDH2 Glu504Lys polymorphism) is normally protective against drinking; however, genetics and peer drinking interact to influence intake (O'Shea et al. 2017 ). Thus, it is possible our failure to observe a relationship between TAS2R38 diplotype and current smoking could be due to a peer environment that is supportive of smoking. At the other extreme, it could also be those who are in peer environments where smoking is seen negatively are unlikely initiate tobacco use even if they have a TAS2R genotype that makes them less susceptible to bitter stimuli. Thus, we can speculate that TAS2R38 effects on smoking may only manifest in social environments that are permissive of but not supportive of smoking. The apparent discrepancy between the present Coloradobased participants and prior evidence from the Dallas biobank and Dallas Heart Study (Risso et al, 2016 ) may in part be due to peer environment, in addition to other demographic differences.
CONCLUSION
In conclusion, in a large crowdsourced age-diverse communitybased cohort, we found no evidence to support the idea that those predisposed to experience more bitterness due to their genetics are less likely to be smokers. That said, we cannot speak directly to the smoking initiation protection hypothesis-the idea that heightened bitterness due to normal biological variation in taste receptors would protect individuals from starting smoking-due to the crosssectional nature of this cohort. Nonetheless, our failure to observe differential rates of smoking cannot be attributed to the use of community scientists to collect, process, and analyze our data, as present data also recapitulate the well-known association between TAS2R38 diplotype and PROP phenotype, even when controlling for sex and age. Finally, we find evidence that bitterness perception, at least for PROP, is greater, not lower, in current smokers; reasons for this are unknown and require additional exploration.
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